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We study W boson scattering in the same- and opposite-sign channels under the assumption that 
no resonances are present in the collider processes pp —>■ l^uil^uijj and pp —>■ I'^viT^vijj, respec¬ 
tively. Basic selection cuts together with a restriction on the combination of the final lepton and 
jet momenta (the Warsaw cut) makes it possible to argue that at the LHC a luminosity of 100 fb“^ 
and a center-of-mass energy of ^/8 = 13 TeV will allow to constrain the leading effective lagrangian 
coefficients at the permil level. We also discuss limits on the other coefficients of the effective la¬ 
grangian as well as stronger constraints provided by higher energy and luminosity We show that 
the same-sign WW —> WW channel suffices in providing the most stringent constraints. 
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I. INTRODUCTION 

Vector boson scattering (VBS) at the LHC provides a direct window on the mechanism responsabile for the breaking 
of the electroweak (EW) symmetry. The tree-level amplitude for VBS is the combination of seven subprocesses in 
which gauge and Higgs bosons are exchanged. In the standard model (SM) the terms leading in energy cancel leaving 
an amplitude and a cross section consistent with unitary. If any or all among the trilinear and quartic gauge couplings 
and the Higgs boson coupling to the vector bosons are modified these delicate cancellations fail and tree-level unitarity 
is lost. In particular, if either the trilinear or the quartic gauge couplings are changed, terms proportional to the 
fourth power of the center-of-mass (CM) energy will be present. 

After the existence of the Higgs boson has been confirmed [1], we know that this particle plays a role in EW 
symmetry breaking but the details may differ from the basic scenario in which the Higgs boson is linearly and 
minimally coupled. If the gauge couplings are left unchanged but the Higgs boson couplings to the vector bosons are 
modified, terms proportional to the square of the CM energy will be present in the amplitude for VBS. 

All these potential departures from the SM represent signals for new physics. Since there are many possibilities— 
ranging from an extended Higgs sector to strong dynamics—they are best described by means of an effective field 
theory. 

Terms in the amplitude growing with the CM energy arise when considering the scattering among the longitudinal 
components of the vector bosons. Using the equivalence theorem [2], these components can be identified with the 
Goldsone bosons of the EW symmetry breaking and behave as scalar particles with derivative couplings: their 
scattering amplitudes are similar to those for TTTr-scattering in QCD and the same techniques can be used. The 
transverse components give rise to terms in the amplitude that are bounded in the CM energy and subleading—for 
all practical purposes, they are part of the background. The natural language for computing the relevant amplitudes 
is that of the effective nonlinear (chiral) EW lagrangian first introduced in [3]. 

Depending on the symmetry group used, there exist different effective lagrangians which are equivalent but differ in 
the order-by-order terms and therefore in the dimension and field content of the operators. Compared to other effective 
lagrangian based on the linear theory and the full symmetry group, the chiral EW lagrangian has the advantage of 
being optimised for VBS. 

The loss of tree-level unitarity suggests the presence of a strongly interacting sector. We expect unitarity to be 
restored by the presence of resonances. Barring the spectacular case of the LHC actually seeing one or more of 
these resonances, this loss and its eventual restoration can be studied by the effective EW lagrangian in terms of 
bounds of its coefficients. Because we now know that the theory also contains a Higgs boson, such a lagrangian 
must be completed by the introduction of this field [4, 5] —the effect of which is parameterised in terms of additional 
coefficients. 

The same-sign channel stands out in this search because of the suppressed QCD background 

and the reduced contribution from channels where transverse and longitudinal gauge bosons are mixed. It is a channel 
in which is easier to single out the scattering of the longitudinal components of the gauge bosons and the most likely 
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place to look for possible deviations from the SM. 

Possible resonances in this channel are expected to be either present in the t-channel (and therefore leading to only 
a decrease of the cross section) or carrying isospin 2 and doubly charged and therefore heavier than those in other 
decay channels. Under the assumption that no resonance has been seen in this or other channels, it is reasonable 
to unitarize the amplitude by the simplest and model-independent means without worrying about the value of the 
resonances’ masses and widths. Experimental cross sections for the process pp —>■ can then be compared 

with the SM and provide the means to constrain the coefficients of the effective lagrangian and the physics behind 
the EW symmetry breaking. 

Even in the same-sign WW channel, the extraction of the coefficients is challenging. Appropriated selection cuts 
are required to isolate the VBS process from other, often larger backgrounds. In addition, we want to isolate the 
longitudinally from the transversally polarised vector boson. The former is mostly produced together with a final 
quark which is more forward than in the case in which the W is transversally polarised. These requirements provide 
a standard set of selection rules to which we add a final requirement (the Warsaw cut [6]) on the size and direction of 
the final transverse momenta of jets and leptons which has been shown to be effective in disentangling longitudinal 
and transverse vector boson polarizations. 

The opposite-sign channel is less clean mainly because of the large background generated by 

the production of ti pairs. It would be best to do without it and we find that indeed it is possible to establish the 
most stringent constraints by means of only the same-sign channel. 

The study of the cross sections (j(pp —>■ vijj) and a{pp —>■ I'^vil^vijj) at the LHC can lead to either the 

discovery or the exclusion of the terms in the effective lagrangian at the permil level. This is the size of these 
coefficients expected on dimensional grounds. For the first time we will be able to study the breaking of the EW 
symmetry at its fundamental level. 

In this introduction we recall the relevant literature in section I A, introduce the notation in section IB, discuss 
coefficients size and higher-order terms in section IC, compare the nonlinear (chiral) lagrangian with the linear and 
anomalous couplings formulations to provide a dictionary for the relevant coefficients in section ID . We collect the 
existing limits and estimates in section IE. 


A. The story so far 

The importance of VBS in the study of the EW symmetry breaking was recognised early on [2, 7]. The unique 
role played by the same-sign channel was singled out in [8] and the identification of the central jet veto to distinguish 
the EW signal from the QCD background was first introduced in [9] where the purely leptonic “gold-plated” decay 
channels were also identified. In [10] the study was extended to semi-leptonic decay modes. 

More recently, with the coming of the LHC, many different groups and authors have discussed VBS from different 
points of view. Of relevance for the present work, the papers in [11] and [12] have provided new insights on both 
the gold-plated and the semi-leptonic decay channel as well as the determination of resonances and the coefficients of 
the effective lagrangian. In a parallel development, the extraction of bounds on anomalous triple and quartic gauge 
couplings from the LHC data was discussed in [13]. 

The parameterisation of the experimental results in terms of the effective chiral lagrangians was begun in [14] and 
further discussed in [4, 5, 15, 16]. The analysis in [17] provides an estimate of the possible limits at the LHC on the 
effective lagrangian coefficients—of which our work can be considered an improved and updated version. 

For a more comprehensive review of the literature, the interested reader is referred to [18]. 


B. Notation 


In this work we choose to adopt the non-linear parametrization for the EW symmetry breaking sector. This choice 
is particularly suitable for our purposes, since the non-linear formulation puts the longitudinal degrees of freedom of 
the EW gauge bosons—dominant in the VBS processes we are interested in—in foreground position. 

The effective non-linear lagrangian that describes the dynamics of the Goldstone bosons associated to the SU{2)l x 
U(1)y —>■ U{l)em symmetry breaking pattern is organized as an expansion in powers of Goldstone bosons momenta 
and the number of possible operators is restricted by Lorentz, gauge, charge and parity symmetry. The leading term 
is of 0{p^) and—in the presence of a light Higgs particle h —it can be written as 



1 -f 2q — b i — 


Tr [{D^U)\D^U)] + ^d^hd>^h - V{h ), 


( 1 ) 
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where a and b are coefficients parametrizing the Higgs interactions with the gauge bosons. The Goldstone bosons 7 r“ 
(a = 1,2,3) are encoded into the matrix 

[/ = exp(i7r‘^aa/v ), (2) 

where da are the Pauli matrices and v = 246 GeV is the EW vacuum. The Goldstone matrix U has well- 
defined transformation properties under SU{2)l x U{1)y- U —)■ GlUG]^ with Gl = exp(ia^dj/2) G SU{2)l and 
Gr = exp{iaYd3/2) G C/(l)y. It constitutes the building-block for the effective lagrangian with broken (non-linearly 
realized) EW symmetry. In eq. (1) the covariant derivative is given by 

D^U = d^U + igW^U - ig'UB^ , (3) 

where IT^ = daW^j2 and = d^B^/2. The fields IE“ and are the SU{2)l x U{1)y gauge fields with standard 
kinetic terms 

Cgauge = "^Tr , (4) 

where = dgW^ - + ig\Wg, W^,] and Bg^ = dgB^ - d^Bg. 

In eq. (1) the quantity V(h) is the Higgs boson potential with the generic structure V{h) = }^m\h'^+d3{m\/2v)h^ + 
, where the parameters d^ and c ?4 are related to the triple and quartic Higgs self-interactions, respectively. 
We extend the lagrangian in eq. (1) by adding a set of higher dimensional operators parametrizing the following 
0{p‘^) lagrangian 

£1 = ]^a^gg'Bg,Tr {TW^ + \a2g'Bg,Tv (T[E^ V']) + 2m35Tr {Wg,[V^, V^]) 

+ 04 [Tr {VgV,)f + 05 [Tr (YgV^f , (5) 

where Vg = (DgU)W and T = Ud^W. The complete list of operators entering in the chiral lagrangian at 0{p‘^) can 
be found in [3] . Here we restrict to a subset of those given by eq. (5) because we are interested only in operators that 
modify triple and quartic gauge boson couplings and are relevant for VBS processes. In particular, the coefficient oi 
modifies the vertices with both two and three gauge bosons, 02 and 03 those with three gauge bosons while 04 and 
05 only vertices with four gauge bosons. In principle, being the Higgs boson a singlet, we can add a multiplicative 
function of h in front of all the operators of eq. (5); a function similar to the one between squared brackets of eq. (1) 
but with different coefficients, as shown in [16]. Here we assume these corrections to be sub-leading and neglect them. 

In the framework we have introduced, the SM corresponds to the choice a = b = d 3 = d 4 = l and oi = 02 = 03 = 
04 = 05 = 0. Any departure from these values can be interpreted as presence of new physics. 


C. Coefficients size and higher-order terms 

The effective field theory approach to physics beyond the SM is made into an even more powerful tool after few 
assumptions on the ultraviolet (UV) physics are made. Without such, admittedly, speculative arguments, it remains 
a mere classification of effective operators without offering any particular physical insight. 

The use of a non-linear realization of the electroweak symmetry naturally emerges by assuming the existence of a 
new strongly-interacting sector responsible for its breaking. The new sector can be characterised by two parameters: 
a coupling, 5 *, and a mass scale, A. The latter identifies the mass of the heavy states populating the new sector. 
Furthermore—in the spirit of the non-linear tr model used in eq. (I) —it is natural to assume that the Goldstone 
bosons originate from the spontaneous breaking of a global symmetry of the strong sector; in this regard, the u-model 
scale V is linked to the parameter of the strong sector via the relation « A. Having in mind a cut-off scale A of a 
few TeVs, the relation g^v « A points towards a maximally strongly coupled sector in which one expects g* « 47 r. In 
this picture the Higgs boson emerges as a light resonance of the strong sector. 

The size of the effective operators generated integrating out the heavy resonances of the strong sector can be 
estimated by means of the so-called naive dimensional analysis (NDA) [19]. Integrating out heavy fields at the tree 
level in the strong sector, the effective Lagrangian takes the following general form 

dg g*h gAg gAg^,'^ 

A ’ A ’ A ’ A ’ A2 J ’ ^ 

where Ag (Ag^) denotes a generic gauge field (field strength) while £ is a dimensionless functional. For simplicity, we 
neglect fermionic contributions since they are not important in our setup. The most relevant information in eq. ( 6 ) is 
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that the Goldstone bosons and the Higgs are always accompanied by an insertion of 5 * since they are directly coupled 
to the strong sector they belong to. 

We can now analyze by power counting the effective operators, written in eq. (5), relevant for the WW scattering 
process we are interested in: 

o The effective operators 04 [Tr and 05 [Tr generate the quadrilinear vertex involving four Gold- 

stone boson derivatives. Using the rules of NDA we find the corresponding WW scattering amplitude to be 
proportional to g‘^{E/A)'^, where E is the characteristic center-of-mass energy of the process (for the sake of 
simplicity we do not distinguish here between different WW channels, since we are simply interested in an 
order-of-magnitude estimate of the amplitude); 

o The operator oaTr U"^]) generates the trilinear coupling 

ekABid^W!; - d,W^){d>^7T^d‘'7T^ - . (7) 

The corresponding WW scattering amplitude involves the s-, t-, and u-channel exchange of the EW gauge 
bosons and from NDA we obtain an amplitude proportional to g^{E/ 

o The operator a 2 B{T\V^^V^]) generates the trilinear coupling 

. ( 8 ) 

The corresponding WW scattering amplitude involves the s-,t-, and u-channel exchange of the EW gauge boson 
B, and from NDA we obtain an amplitude proportional to {E/A)'^■, 

o Finally, the cr-model operator Tr [{Df^Uy {D^U)] generates the trilinear structures 

efcABlA^[(i 9 '" 7 r^) 7 r^ - ( 5 ^ 7 r^) 7 r'^] and e 3 ABB^[{d^TT^)Tr^ - . (9) 

By combining these vertices with the trilinear interactions extracted before from and 

a 2 H^j/Tr (r[U'^, U'"]), we find an amplitude proportional to, respectively, g'^{E/Ay and g'‘^{E/AY. 

Notice that the energy dependence of these amplitudes—obtained here by dimensional analysis—will be confirmed by 
means of a direct computation in section IID. 

We can now compare the amplitude proportional to 04^5 against that proportional to 02 . Both these amplitudes grow 
with E^] however, the contribution coming from the operators 04 [Tr(V)jViy)] and 05 \Ty {V^V^)] is parametrically 
enhanced since proportional to gl- Similarly, we can compare the same amplitude against that proportional to 03 . 
The former dominates if the condition g^{E/A) > 5 is satisfied. Since g^v « A, it implies E > gv, a condition easily 
satisfied at typical LHC energies. 

It therefore seems natural to expect that in the presence of a genuinely strongly coupled new sector the most relevant 
contribution to the WW scattering arises from the pure Goldstone operators 04 [Tr and 05 [Tr For 

this reason in section B we will focus our Monte Carlo analysis on the two coefficients 04 and 05 , setting 02 = 03 = 0. 

Finally, notice that the same NDA argument can be used in order to estimate the contribution of 0{p^) (or 
higher) operators. For definiteness, let us consider the 0[p^) operator eABc{W"^Y^{W^)up(W^Y^. It generates the 
quadrilinear vertex 


eABC^AB'cydpW^’'' - d'^Wy^Yd^Wf - dpWY)W^'^PW^'^^ ( 10 ) 

which contributes to the WW (transverse) scattering according to /gl){E/} As evident from the previous 
discussion, the maximally strongly coupled limit g^ ~ dvr suppresses this contribution that in principle could interfere 
with the perturbative expansion. 


^ A further loop-suppression p*/(47r)^ is expected, since this operator can not be generated by integrating out at the tree level any 
resonance with spin less than 2. However, since we have in mind the limit ps 47r, the presence of this extra factor does not change 
our estimate. 
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D. Mapping to other formulations 

It is useful to map the non-linear formalism into other popular parameterizations—thus providing a dictionary 
through which to translate all the available bounds. In the following, we briefly discuss the relations with i) the 
phenomenological lagrangian commonly used to parametrize triple and quartic anomalous gauge boson couplings and 
ii) the higher dimensional effective lagrangian obtained by imposing the additional assumption that the Higgs field h 
is part of a SU{2)l doublet that breaks the EW symmetry. 


1. Anomalous triple and quartic gauge couplings 


Traditionally bounds on triple gauge boson couplings (TGC) have been expressed in terms of anomalous coeffi¬ 
cients [22], according to the following phenomenological lagrangian 


>Ctgc = ie 




gjA^ {W-W+^^ - IT+IT-^") + k^W-W+A^"' + —IT-"IT+H^^ 




iec\Y 

Sw 


gfZ^ (IT-IT+^^ - W+W-^^'') + K^W-W+Z>^'' + ^IT-'^IT+Z^^ 




( 11 ) 


where IT^ = — d„V^, with V = A,Z. The SM corresponds to gj’^ = = 1, = 0. 

In our case nz, k,^ and {gj is fixed to be I by gauge invariance) are modified by the presence of the operators 
in eq. (5). By inspection, we can identify the following identities: 


Afff = 


Cw 


oi -I- -f-oa , Ak'^ = 5^(o 2 — oi) -I- 2g^a3 , = 

Cw 


Cw 


-ai - g'‘^{a 2 - ai) + 2g'^. (12) 


Furthermore, it follows that An^ = Agf — {g''^/g‘^)AK^. For illustrative purposes we can take oi = 0, as suggested 
by the stringent fit of LEP data of [27]. In this case the previous relations simplify to 


Afff = ^03 , Ak^ - Ak^ = -f g^) 02 . 
Cw 


(13) 


As far as the anomalous quartic gauge couplings (QGC) are concerned, they are usually parametrized as follows 
Cqgc = e^gwwvv[gY'^V>^V''W-W+ - g^^V>^V^W-''W+] 

'gfA^Z‘'iW-W+ + W+W-) - 2gfA^Z^W-‘'W+ 


e^cw 


Sw 

„2 


+ [gV^W-^W+’'W-W+ - gV^{W->^W+)^] + 


(14) 


with gww-yy = 1; gwwzz = Cw/sw- The SM corresponds to = 1, = 0. The effective operators of eq. (5) 

produce the following corrections 


.72 _ A.72 _ 5' , 2(?^ 


Ag^ = Agr = 


Cw 


-Oi 


03 


Ag^^ = 2Agf - , 






Agf^ = 2 Ag 7 ^ + ^04 , 


''W 


h = 5 (04 + 05) 


Agf'^ = 2cwAgl^ -h 5^04 , 

Ag^^ = 2cwAg'l^ - g‘^{a4 + 205 ) . 


(15) 

(16) 
(17) 
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2,. Comparison with the linear realization 


At dimension 6, the bosonic operators relevant for our discussion are [23] 

Osw = , Oh = H) , 

oTflw f 

Ob = , Obb = , 

2m^ 4m^ 

02B = Q^{DpB^,f , (18) 

16m^ 

with W'UpH = H^{DpH) — (DpH^H. H is the Higgs doublet of the SM with hypercharge Yh = 1/2. The 
operators Oh,ww,bb in the last column affect only Higgs physics while the remaining ones affect the electroweak 
precision observables. Three operators O^w, Oww and Ow enter in WW vector boson scattering. 

Notice that there is a redundancy in this list, since it is possible to remove some of these operators using the equation 
of motion of the gauge fields and the operator identities Ohb = Ob — Owb — Obb, and Ohw = Ow — Ow b — Oww 
For instance in the SILH basis used in [24] the operators 02w,2B,wb,ww are dropped while in the so-called Warsaw 
basis [25] the operators 02w,2B,w,b.hw,hb are dropped. By comparing the anomalous TGC, we find 

^ 9 l — 9 ^ { “2— ^ 2 ^-2^ ) = = 5^(02 — Oi -I- 203) = —KWB + BhW + I^HB ■ ( 19 ) 

\<^w ~ J 

There are 18 operators of dimension 8 but only two 

Osfi = ^-^{{DpH)^D,H\\{D>^H)^D''H\ , Os,i = ^-^{(DpH)^H)’^D,H\ , (20) 


OwB = , 

Ohw = ^^^(p^H)^a^{D''H)Wl, , 


^w 

Ohb = '-^^^{DpH)\D,H)Bf^'' , 
^w 


are relevant for us. The other 16 operators of dimension 8—five of which enter WW scattering—have derivative terms 
in the vector bosons in addition to those with the Higgs field, and would have to be matched to higher order terms 
in the chiral lagrangian. For the WW channel we are interested in, we find [26]: 


04 = 


fs,o V 


A4 8 


— , and 04 -I- 2 o5 = — 


fs,i 

A4 


( 21 ) 


E. Current and estimated bounds 

Current bounds on the coefficients of the operators in eq. (5) come from EW precision measurements performed at 
LEP-1 and LEP-H and from data collected at LHC run 1. Estimated bounds are meant to be for LHC run 2. 


1. Electroweak precision tests 

The coefficient oi is strongly constrained by LEP-1 and LEP-H data because it contributes at tree-level to the S 
parameter 


= —167roi. 

A simple fit of LEP data [27] performed including the correction in eq. (22) shows that 

ai = (1.0 ±0.7) X 10"^ 


( 22 ) 


( 23 ) 


2 


In [26] (using the notation of eq. (18)) the subset {Oh^Osw i^hb ^Oww i^bb} was considered. 
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LEP-I & LEP-II, 1 -parameter fit 



FIG. 1: Ax^ plot for the limit on the coeficient ai from LEP I and II precision tests. 


On the other hand, the other coefficients 02 , 03 , 04 and 05 contribute to the S,T,U parameters only at at one-loop. 
In particular, the one-loop contributions of 04 and 05 to EW precision measurements lead to the following (rather 
weak) bounds on these coefficients at 90% CL [16] 

- 0.094 < 04 < 0.10 and - 0.23 < 05 < 0.26 . (24) 

The combined LEP bounds on TGC [28] are 

- 0.054 < Agf < 0.021 - 0.07 < Anz < 0.051 - 0.099 < < 0.066 (95% CL). (25) 

By means of the relations in eq. (13) we can translate the above bounds into limits on the coefficients 02 and 03 

— 0.26 < 02 < 0.26 and — 0.10 < 03 < 0.04, (26) 

which are in agreement with the ones found in [16]. 


2. LHC run 1 and run 2 

Current experimental limits on 04 and 05 based on LHC run 1 are still rather weak and comparable to those in 
eq. (24) coming from EW precision measurements. ATLAS and CMS find [30] 

-0.14 < 04 < 0.16 and - 0.23 < 05 < 0.24 (27) 

at the 95% CL and with a luminosity of 20.3 fb“^ (CM energy of 8 TeV). These bounds are obtained by studying the 
double charged channel (after unitarization by means of the AT-matrix method). 

Estimated bounds on 04 at the LHC run 2 presented in [31] represent a substantial improvement with respect to 
the current LHC limits, namely 


04 < 0.066 . (28) 

This limit is obtained at 95% CL and for a luminosity of 300 fb“^ (CM energy of 14 TeV). 

The best existing estimated limit is obtained in [17] where they combine same- and opposite-sign channels. They 
find 

- 22 < ^(TeV'^) < 24 and - 25 < ^(TeV~*) < 25 (29) 

at the 99% CL and for a luminosity of 100 fb“^ (CM energy of 14 TeV). These bounds are equivalent by means of 
eq. ( 21 ) to 


0.01 < 04 < 0.01 


and 


0.01 < 05 < 0.01. 


(30) 






Recent data on the Higgs boson decays indicate a value for the Higgs coupling to the gauge bosons very close to 
the SM value, namely [32] 


a= 1.03 ±0.06. 

No dramatic improvement on this limit is expected from future LHC runs due to systematic errors [33]. 


(31) 


3. Analyticity and causality 

The causal and analytic structure of the amplitudes leads to theoretical bounds on the possible values the two 
coefficients 04 and 05 can assume [15, 29]. The most stringent of these comes from the requirement that the underlying 
theory respects causality: 


1 1 1 1 

04 ( 1 ^) > TV T-vw log ^ and a4{li) + > - t-vv log — , (32) 

12 (47r)^ 8 (47r)^ 

where A represents the cutoff of the effective theory and p, < A the scale at which the amplitude is evaluated. For 
most practical proposes, we can neglect the logarithms and take 

04 > 0 and 04 ± 05 > 0 (33) 

as our causality bounds. In our limits, we will assume them to be satisfied. Even though a violation of the above 
constraints would imply a (hard to entertain) breach in the causal structure of the theory, it is useful to bear in 
mind that this possibility cannot be ruled out a priori and that an observation of a negative value of 04 or of the 
combination 04 ± 05 would be a really striking discovery in as much as it would challenge the very foundations of 
quantum field theory. 


II. METHODS 

In section H A we present some details about the Monte Carlo simulation we have implemented in order to generate 
the VBS processes we are interested in. In section H B we describe the selection cuts we have employed. The statistical 
framework and the estimation of the effects of systematic errors are presented in section H C. Finally, in section H D we 
discuss the violation of unitarity that can potentially arise and explain the unitarization procedure we have applied. 


A. Monte Carlo simulation 

We have modeled the effective lagrangian consisting of the sum of the terms in eq. (1), (4) and (5) by means of 
FeynRules [34] V2.0.28 in order to create the UFO module that is used in MadGraphS [35] v2.2.3 to simulate 
signal and background events related to the VBS processes we are interested in. 

Pure EW same-sign (SS) WW events in pp jj —>■ vi jj and EW opposite-sign (OS) WW events 

in pp —i jj —>■ I'^vil^vijj are O(a^). Mixed QCD/EW SS and OS WW events are 0{a^ag). 

The relevant diagrams for probing the symmetry breaking dynamics must contain direct W boson interactions. 
They are only a small fraction of the whole set in pure EW events—which are dominated by diagrams in which the 
W bosons are radiated from the incoming quarks, do not interact and have predominantly a transverse polarisation. 
Mixed QCD/EW events—in which the vector bosons are produced from strongly scattered quarks—only contain 
diagrams in which the W bosons do not interact. These two processes constitute the main irreducible background for 
our analysis. 

Other background processes that contribute to SS and OS WW channels are the following: 

• Z±jets: events from this process can easily enter the OS channel and even the SS channel if the sign of one 
lepton is mis-identified; 

• tt: the same considerations apply as for .Z±jets, but this kind of events are expected to be harder to suppress 
due to the higher probability of having more energetic jet and lepton pairs with large angular separation (and 
therefore higher invariant masses); 
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• WZ+jets, tiW, tiZ and ttH: events from these processes can originate high energy jets together with two or 
more charged leptons, which can even enter the SS leptons selection, in case of three or more leptons or one 
lepton from the tt decay and another one from the associated boson decay; 

• single-lepton+jet {e.g. from fy+jets): these events can enter any of the two channels if a jet is mis-identified as 
an additional isolated lepton. 

Among the processes listed above, we have included the WZ+jets background in the study of the SS channel 
and the ti background in that of the OS channel. The other processes are highly suppressed by the selection cuts, 
resulting in negligible effects in the analysis. We are, however, aware that this suppression depends on our Monte 
Carlo simulation which does not predict correctly the effects of lepton charge mis-identification and jets reconstructed 
as leptons in the detector. 

The simulated events have been showered using Pythia 6.4 [36] and subsequently processed through Delphes [37] 
in order to simulate the response of a generic LHC detector. All the settings for both Pythia and Delphes have been 
kept as default (he., leaving the default options when installing the software through the MadgraphS interface). 

The number of events from each process has been then rescaled according to the LO cross-section and the expected 
integrated luminosity in each of the considered cases, to obtain an expected yield after the event selection. 


B. Selection cuts 

As already discussed, the pure EW production of WW pairs in association with two jets at the LHC is dominated 
by events that have no direct relevance for the mechanism of electroweak symmetry breaking. Typically these events 
come from soft collisions involving incoming partons which lead to soft accompanying parton jets in the final state 
and can be rejected by appropriate cuts on their rapidity. In order to suppress this irreducible background and select 
events with hard WW interactions we apply the following selection criteria 

- small pseudo-rapidity and large transverse momentum for the W gauge bosons; 

- two opposite tagging jets at large pseudo-rapidities and relatively small transverse momentum. 

Beside reducing the irreducible EW background, these cuts also suppress the mixed EW/QCD one. 

Subsequently we have to impose additional cuts in order to wean out the transversally polarised vector bosons— 
which accounts for more than 90% of the total produced W pairs—and select the longitudinally polarised ones. At 
the parton level, the production of longitudinally polarised W is characterised by the final quark which is emitted 
more forward than in the case of the production of transversally polarised W. Moreover, after being produced 
by bremsstrahlung, the Wl (mostly) conserve their polarisation—as long as we stay above the on-shell production 
threshold. 

The complete set of cuts applied in the case of SS and OS WW channels are summarized below. 


1. Same-sign WW channel 

We select events by applying the following set of cuts: 

• two same-sign leptons with > 20 GeV and j? 7 ;±j < 2.5; 

• at least two jets (p^ > 25 GeV and [r^^ j < 4.5) with relative rapidity [Ap^y j > 2.4; 

• the two highest pr jets with an invariant mass rrijj > 500 GeV; 

• missing transverse energy > 25 GeV. 

This combined set of cuts has been optimized for VBS at the energy of 14 TeV, condering an integrated luminosity 
of 300 fb“^ and are rather close to those already in use by the LHG experimental collaborations. 

The cuts above only partially succeed in singling out the longitudinal W bosons and a rather large pollution from 
the transversally polarized ones is still present. To improve further the selection efficiency of the longitudinal modes 
we add the Warsaw cut [6] defined as follows 


R 


Pt 


Pt Pt 
Pt Pt 


> 3.5. 


(34) 



10 


pp->WWjj ^ (vl)(vl) j j, ^/~s = 13 TeV 



p'jxpj [lO^GeV^] 


pp->WWjj -> (vl)(vl) j j, ^/~s = 13 TeV 



FIG. 2: Distribution of final state events obtained generating the processes pp —>■ W^W^jj —>■ {l^vi){l^vi)jj at the LHC -with 
^/s = 13 TeV. We show in blue (red) the events with leptons coming from the decay of longitudinal (transverse) polarized W 
bosons. 



2 4 6 8 10 12 14 

RpT = p.p(lep^)p^(lep^) / p^(jet^)p^(jet^) 



10 ® 


10 ® 


10 


1 


I LHC is = 14 TeV, 300 fb'^ W-W*jj | 

- □WWjjQCD HWWjjEW 
^ a4 =+0.003 a5 =+0.005 


L 
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p^(lep^) [GeV] 


FIG. 3: Comparison of selection cuts: Rp.^ > 3.5 vs. pfi^ > 150 GeV. In red (white) the EW (QCD) contribution. The 
dashed lines mark the number of events in the presence of non-vanishing coefficients of the effective lagrangian (04 = 0.003 and 

as = 0.005; 


The i?py variable contains the information about the momenta of the final leptons and is very effective in separating 
the transverse from the longitudinal modes. 

The discriminating power of this cut is illustrated in the left plot of Fig. 2. The red (blue) points represent 
the distribution in the plane of pp -T W^W^jj -T events at the LHC (yG = 13 TeV) 

containing transverse (longitudinally) polarized WW pairs. By inspection we see that the cut Rp.^ > 3.5 is very 
useful in discriminating longitudinal from transverse polarized W bosons. The power of this selection is even more 
evident from the histogram shown in the right panel of Fig 2, where the same distribution of events is plotted as a 
function of the ratio Rp.^. 
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TABLE I: Comparison of upper exclusion limits (at 95% and 99% CL) and diseovery significance (at 3 and 5a) for the ejfeetive 
lagrangian coefficients 04 and as, for CM energy y/s = 14 TeV and luminosity 300 fb~^, using the selection cut on Rpj, and 
Pt- Values for both coefficients obtained by only using the same-sign WW channel. 



Vi = 14 TeV, 300 fb"^ 

Rpp >3.5 

pf.^ > 150 GeV 

95% (99%) 

30- (5cr) 

95% (99%) 

3cr (5 ct) 

a4 

0.0027 (0.0034) 

0.0032 (0.0041) 

0.0031 (0.0038) 

0.0036 (0.0047) 

as 

0.0055 (0.0068) 

0.0064 (0.0084) 

0.0063 (0.0078) 

0.0074 (0.0097) 


In [17] the selection on the W polarisation is carried out by means of a selection on the lepton momentum instead 
of the Warsaw cut. Fig. 3 compares the two choices and Table V shows the upper limits for the coefhcients of the 
effective lagrangian obtained by means of the two possible selection cuts. We find the Warsaw cut to be better in 
weaning out the transverse polarizations. In any case, the similarity in the selection choice is reflected in our final 
limits that turn out to be rather close to those of [17] for comparable energies and luminosities. 

Table II shows the effect of the various selection cuts on the number of surviving events in the SS channel. Fig. 4 
shows the position of the cut selection for the variables rrijj and Rp^ for this channel. 


TABLE II: Cutfiow (number of events for each process cut by cut) for the SS ehannel for CM energy ^/s = 14 TeV and 
luminosity 300 fb~^. 


Vi = 14 TeV, 300 fb"^ 

cut 

WZjj 

WWjj QGD 

WWjj EW 

S (04 = 0.02) 

2 SS leptons 

4474 

778 

1343 

1289 

> 25 GeV 

3705 

703 

1225 

1262 

Ayjj > 2.4 

536 

181 

746 

900 

TUjj > 500 GeV 

330 

60 

678 

890 

Rp.p > 3.5 

6.5 

0.5 

17 

747 





FIG. 4: Position of the eut selection for the three variables Ayjj, mjj and Rp.^, in the SS channel. 
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TABLE III: Cutflow (number of events for each process cut by cut) for the OS channel for CM energy ^/s = 14 TeV and 
luminosity 300 fb~^. 


Vi = 14 TeV, 300 fb-^ 

cut 

tt 

WWjj QGD 

WWjj EW 

S (as = 0.02) 

2 OS leptons 

1975270 

68884 

3221 

498 

SV”" > 25 GeV 

1791100 

61494 

2927 

488 

mjj > 500 GeV 

109885 

6761 

1569 

380 

^Vn P 2.4 

78144 

4543 

1369 

394 

Rprp > 3.5 

1461 

114 

44 

287 

> 800 GeV 

504 

40 

19 

231 

A-Fm > 2.25 

453 

34 

19 

231 

fe-tag veto 

353 

34 

19 

227 

N jets < 3 

21 

14 

11 

148 






nTjww 



FIG. 5: Position of the cut selection for the three variables A^ee, Ayjj, nijj, and Rpj, 


in the OS channel. 


2. Opposite-sign WW channel 

The opposite-sign decay channel is less clean because of the large reducible background coming from tt pair pro¬ 
duction. For this channel in the process pp —> l^vil^vijj we use the following selection cuts: 

• two opposite-sign leptons with > 20 GeV and \r]i± \ < 2.5; 
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• missing transverse energy > 25 GeV 

• the two highest pt jets with an invariant mass rrijj > 500 GeV; 

• two and only two jets > 25 GeV and \r]j \ < 4.5) with relative rapidity lAy^yj > 2.4; 

• Rpj, > 3.5; 

• invariant transverse mass > 800 GeV; 

• angular separation between the leptons in the transverse plane |A<i);;| > 2.25; 

• 6-quark veto {i.e. no jets tagged by the 6-tagging algorithm implemented in Delphes). 

The invariant tranverse mass in the cuts above is defined as 

^ (p“)^ + mfi + - {p^ + , (35) 

where p™^^ is the missing transverse momentum vector, pji is the transverse momentum of the di-lepton pair and 
mu its mass. 

Table III shows the effect of the various selection cuts on the number of surviving events in OS channel. Fig. 5 
shows the position of the cut selection for the variables A$^^, Ay^y, wyy, mu and Rp^ for this channel. 


C. Statistical analysis 


In the following we will compute the expected discovery significance and the expected exclusion limits for the 
coefficients of the effective lagrangian in eq. (1) and eq. (5). 

For a given set of selection cuts, we define the signal S as the enhancement in the number of WWjj events— 
obtained for certain fixed values of the coefficients a, 02 , 03 , 04 and 05 —over the SM prediction (obtained for a = 1, 
02 = 03 = 04 = 05 = 0 ) 


S = N,^{pp —t WWjj) 


(l,(l2 ^(^3 ^(^4 ,CL5 


— t WWjj) 


H — 1,02 —O3 —04 —05 —0 


The background B is given by the number of events predicted by the SM 


(36) 


B = K.{pp WWjj) 


+ N^^{pp -t tt/WZjj) 

d — 1,02 —0.3 —04—05 — 0 


O — 1,02 —O3 —O4 — O5 —0 


(37) 


The expected number of signal events S is compared with the number of background events B using Poisson 
statistics without considering any systematic uncertainty. The Poisson probability density function is generalized to 
non-integer event numbers through the use of the Gamma function. 


1. Discovery significance and exelusione limits 

For each set of values of the effective couplings, the expected discovery significance is obtained by computing the 
probability of observing a number of events greater or equal to S' -|- i? assuming the background-only hypothesis. 
This probability is then translated into a number of Gaussian standard deviations: three (five) standard deviations is 
considered as benchmark for an observation (discovery). On the other hand, the expected exclusion limits are obtained 
by computing the probability of observing a number of events less or equal to B assuming the signal-plus-background 
hypothesis. The specific choice of the parameters is considered excluded at 95% (99%) GL if this probability is less 
or equal than 5% (1%). 

Notice that, for large values of S, the Poisson distribution can be very well approximated by a Gaussian function. 
In this case the significance (expressed in terms of number of standard deviations) can be computed simply as S/V~B. 
In the same limit we can say that a set of parameters is excluded at 95% (99%) GL if the quantity S/\/S + B > 2 
(>3). 

The difference between using the exact Poisson distribution and the approximated formulas above can be gauged 
in Fig. 6 where the t^st is run for the two possibilities. As one can see by inspection, while for the case at y/s 
= 13 TeV and luminosity 100 fb“^ the difference cannot be ignored, there is no difference for the higher energy and 
luminosity case. We employ in all cases the Poisson probability distribution. 
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FIG. 6 : plot for the coefficient as using the Poisson distribution and the simplified formulas. The plot on the right shows 

the presence of a discrepancy at low luminosity = 13 TeV, luminosity 100 fb~^). The plot on the right shows that there is 
no discrepancy at higher luminosity (^/s = 14 TeV, luminosity 3 ab~^) where it is impossible to discriminate the continuous 
from the dashed lines. 


2. Systematic uncertainties 




FIG. 7: Ax^ plot for the coefficient 04 (left) and as (right) with and without 10% of systematic uncertainty for CM energy 
yfs — lA TeV and luminosity 3 ab~^. 

All the results reported in the following are obtained neglecting any systematic uncertainty on the prediction 
for the number of signal and background events {S and B) because such uncertainties are mostly related to the 
experimental techniques used to extract the results. To have a feeling of the size of their effect on the results, we 
have included a non-zero systematic uncertainty on B and compared the limits and the significance with the case 
without systematics. This comparison is done considering the simplified statistics treatment described above—that 
is, by considering the formulas Sj^/B and Sjy/S -\- B. These two expressions are generalised to the case with non- 
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FIG. 8: Ax^ plot for the coefficient 04 (left) and as (right) with and without 10% of systematic uncertainty for CM energy 
4 /s = 13 TeV and luminosity 100 fb~^. 


TABLE IV: Upper limits (at 95% CL) for the effective lagrangian coefficients 04 and as, for two representative CM energies 
and luminosities, from the channel jj. Comparison with and without the inclusion of a systematic error of 10%. 



^ = 13 TeV, 100 fb“^ 

^ = 14 TeV, 3 ab-i 

w/out 

w/ 

w/out 

w/ 

04 

0.0043 

0.0043 

0.0016 

0.0021 

as 

0.0088 

0.0089 

0.0032 

0.0041 


zero systematic uncertainty as S//B + S'^ • B'^ and S/\/S + B + 6'^ ■ B'^ respectively, where 6 indicate the relative 
systematic uncertainty on the expected number of background events B. 

Table IV (and the corresponding plots in Figs. 7 and 8 ) show the result of this comparison, performed considering 
two benchmark CM energy and luminosity scenarios for the two coefficients 04 and 05 and a relative systematic 
uncertainty on B of 10%. The smaller statistical error in the case of CM energy y/s = 14 TeV and luminosity 3 ab“^ 
makes the systematic error—assumed to remain the same—more important. 

As expected, the effect is rather important, especially for large values of integrated luminosity where the Gaussian 
error is smaller, and one should bear that in mind. Of course, an eventual reduction of such a systematic uncertainty, 
for instance down at 5%, would proportionally reduce the effect, and, depending on the size of this uncertainty in a 
real experiment, selection cuts could be further tightened to minimise its impact. 


D. Unitar ization 

For values of the coefficients a, 02 , 03 , 04 and 05 which are different from the SM ones, the computation of the cross 
section <7{pp -x WWjj) obtained using the lagrangian in eq. (1) and eq. (5) cannot be trusted because of possible 
unitarity violation that can arise at the level of some hard scattering diagrams, in particular the ones that involve 
longitudinal W bosons. In this case, the cross section of the process W^Wl —t W^Wl breaks unitarity at energies 
larger than the TeV (the exact violation energy depends on the specific values of the coefficients). 

This breakdown in unitarity can be understood by looking at the longitudinal W bosons scattering amplitudes in 
the same- and opposite-sign channel—computed using the equivalence theorem in the isospin limit—can be written 
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A'-matrix vs. tree amplitudes vs. unitarity bound 



FIG. 9: Cross sections for the scattering of longitudinal W bosons as a function of the CM energy. In green (blue) the 
contribution of the partial wave t2o (too) for 04 = as = 0.001; in cyan (red) the same result after unitarization by K-matrix. 
The continues black line marks the loss of unitarity. 


in terms of isospin amplitudes Ai(s,t) as 


A{W^W^ -T W^W^) = A 2 and A{W^W^ -r W^W^) = -Aq + -Ai + -A 2 

o Z O 

The amplitudes Aj{s,t) can be expanded in terms of partial waves t/j(s) as 

00 

Aj{s,t) = 327r^(2J + 1) Pj (cos 9)tij{s), 

where 


j=o 




dcosO Ai{s,t)Pj [cos 0). 


In our case, at tree level, neglecting partial waves higher than the leading J = 0 wave, we have 


too — 


t20 — — 


IGttu^ 
s 


(1 — + ig'^0,2 + 123^03) + 


12 'KV'^ 

2 


[^11 Us -\- 7 (24 — ‘2g ^^2 A 


32 TTU^ 


(1 - - 65'^02 + 125^03) + -— j [as + 2 04 - g''^al - dg^Og] . 

0 TTV^ 


(38) 

(39) 

(40) 

(41) 

(42) 


The isospin amplitudes Aj(s, t) can then be re-obtained from the partial waves computed above by means of eq. (39). 
In the approximation of neglecting partial waves higher than J = 0, we have very simple relations: 


Ao(s, t) = 327rtoo , ^i(s,i)=0 and ^ 2 ( 5 , t) = 327rt20 • 


(43) 


An example of such unitarity violation is shown in Fig. 9 where—for values of 04 = 05 = 0.001—it occurs around 1.5 
and 2 TeV for, respectively, the isospin 1 = 0 and 1 = 2 component. 

The amplitudes in eq. (43) violate unitarity and we interpret them as an incomplete approximation to the true 
amplitudes. One can deal with this problem either by cutting off the collection of events at a given value of the CM 
energy or by implementing an unitarization procedure. 

As an example of the latter, let us look for unitary matrix elements that provides a non-perturbative completion. 
By inspection of the amplitudes we see that the SS WW channel can only contain double-charged 1 = 2 resonances 
in the s-channel, the first two being of spin 0 and 2. We assume that these states are sufficiently heavy to be outside 
the energy reach of LHC. By extension, we assume that no resonance is present within the LHC energy range also in 
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the opposite-sign WW channel. Therefore, the most appropriated unitarization procedure for our case in which we do 
not expect resonances is the itl-matrix prescription [38]. The 7f-matrix ansatz consists in using the optical theorem 

Imt/j(s) = \tij{s)\^ (44) 

in order to impose the following condition on the unitarized partial wave t/j(s) 


Im - = — 1. 

tuis) 

The itl-matrix unitarized partial wave is then defined to be 


iij{s) 


tijjs) 

1 - itij{s) ’ 


(45) 


(46) 


where t/j(s) is the tree-level partial wave amplitude. The quantity iij{s,t) satisfies by construction the optical 
theorem and is supposed to represent a re-summation of the higher order terms whose contribution restore unitarity. 
The result of this unitarization is shown in Fig. 9 and compared to the tree-level result. 

If we define the rescaling factor for the SS WW events 


r_|__|_(s, 03, 04, O5) 


1^20 P ’ 


(47) 


we can use it to re-weight the events that survive after having applied all the selection cuts, in order to obtain a 
result that satisfies the unitarity bound. This procedure is reliable if the events that survive after the selection cuts 
are dominated by the production of longitudinal polarized W. 


TABLE V: Comparison of upper exclusion limits (at 95% and 99% CL) and discovery significance (at 3 and 5a) for the effective 
lagrangian coefficients 04 and as, for CM energy ^/s = 14 TeV and luminosity 300 fb~^, using the K-matrix and the sharp cut 
off unitarization procedures. Values obtained by using the SS WW channel. 



Vs = 14 TeV, 300 fb-^ 

Al-matrix 

sharp cut off {Eww < 2 TeV) 

95% (99%) 

3a (5cr) 

95% (99%) 

3cr {5a) 

a4 

0.0028 (0.0038) 

0.0035 (0.0053) 

0.0027 (0.0034) 

0.0032 (0.0041) 

as 

0.0053 (0.0072) 

0.0066 (0.0107) 

0.0055 (0.0068) 

0.0064 (0.0084) 


The iF-matrix ansatz and the cut off in energy are two possible procedures to deal with the violation of unitarity. 
Table V shows that the two procedures (for an appropriate choice of cut off) are substantially equivalent. Their 
differences quantify the dependence on the unitarization procedure of the limits. 

Because it is more difficult to define a rescaling for the OS channel as done above for the SS channel, and because 
of the additional assumptions entering the AT-matrix procedure, we follow the simplest procedure and introduce a 
sharp cut off in the data collection so as to make the amplitudes unitarity. 

The cut off must be chosen to be less than 47ru, the limit for the chiral lagrangian expansion, and below the range in 
which the growth becames too fast. We take mww < 1-25 TeV for the SS channel and < 2 TeV for the OS channel. It 
can be shown that for these values, as in Table V, differences between the two unitarization procedures are minimal. 


III. RESULTS 

As discussed in section II A, we have generated events in which the coefficients of the effective lagrangians in 
eq. (1) and eq. (5) of section IB, parameterising deviations from the SM, were allowed to vary. We consider only the 
coefficients a, 02 , 03 , 04 and 05 because the coefficient ai is already severely constrained by LEP data, as discussed 
in section IE, and we assume it vanishing in our analysis. The coefficients 04 and 05 , according to our discussion in 
section IC, are the leading and most important ones. They should be searched first. Once they have been constrained, 
the simulation for the coefficients 02 , 03 and a can be carried out after setting 04 and 05 equal to zero. 
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We report in Tables VI-IX the results in terms of exclusion limits (95 and 99% CL) and discovery significance (3 
and 5 (t)— as discussed in section IIC —for the benchmark luminosities of 100 and 300 fb“^ (at CM energy of y/s = 
13 TeV) and 300 fb“^ and 3 ab“^ (at = 14 TeV). All coefficients are here varied one at the time. 

As it can be seen from Tables VI-IX, the OS channel does not provide stronger limits for any of the coefficients and 
the SS channel is sufficient by itself in setting the most stringent constraints. 

Figs. 10 and 11 show the exclusion limits (95% CL) and discovery significance (5cr) for the coefficients 04 and 05 
obtained from the SS and OS WW channels for, respectively CM energy = 13 and 14 TeV and the benchmark 
luminosities. The coefhcients 04 and 05 are now varied simultaneously. 

TABLE VI: Exclusion limits (at 95% and 99% CL) and discovery significance (at 3 and 5a) for the effective lagrangian 
coefficients 05 , 04 , 03 , 02 and a for CM energy y/s = 13 TeV and two benchmark luminosities for LHC run 2. Values obtained 
by varying the coefficients one at the time. All limits are obtained from the W^W^jj SS channel. 



yi = 13 TeV SS channel) 

100 fb“^ 

300 fb“^ 

95% (99%) 

Za (50") 

95% (99%) 

Za (5a) 

as 

-t0.0084 (-tO.0105) 

-0.007 (-0.0092) 

+0.0095 (+0.0126) 

-0.0082 (-0.0113) 

+0.0062 (+0.0077) 

-0.0049 (-0.0063) 

+0.0072 (+0.0094) 

-0.0059 (-0.008) 

a4 

-t0.0041 (-t0.0052) 

-0.0035 (-0.0046) 

+0.0047 (+0.0062) 

-0.004 (-0.0056) 

+0.003 (+0.0037) 

-0.0024 (-0.0031) 

+0.0035 (+0.0046) 

-0.0029 (-0.004) 

“3 

-t0.097 (-t0.121) 

-0.072 (-0.096) 

+0.109 (+0.143) 

-0.085 (-0.118) 

+0.074 (+0.089) 

-0.049 (-0.065) 

+0.085 (+0.108) 

-0.060 (-0.083) 

02 

+1.63 (+2.03) 
-1.21 (-1.61) 

+1.84 (+2.41) 

-1.42 (-1.99) 

+1.24 (+1.5) 

-0.82 (-1.09) 

+1.42 (+1.82) 

-1.01 (-1.4) 

a 

+ 1.52 (+1.6) 

0.17 (-0.44) 

+1.56 (+1.68) 
-0.11 (-1.57) 

+1.43 (+1.49) 

0.54 (0.31) 

+1.47 (+1.56) 

0.39 (-0.07) 


TABLE VII: Exclusion limits (at 95% and 99% CL) and discovery significance (at 3 and 5a) for the effective lagrangian 
coefficients as, 04 , 03 , 02 and a for CM energy ffis = 14 TeV and two benchmark luminosities for LHC run 3. Values obtained 
by varying the coefficients one at the time. All limits are obtained from the W^W^jj SS channel. 



^ = 14 TeV (W^W^jj SS channel) 

300 fb"^ 

3 ab ^ 

95% (99%) 

Za (5a) 

95% (99%) 

3a (5a) 

as 

+0.0055 (+0.0068) 

-0.0045 (-0.0058) 

+0.0064 (+0.0084) 

-0.0054 (-0.0074) 

+0.0032 (+0.0039) 

-0.0022 (-0.0029) 

+0.0037 (+0.0047) 

-0.0027 (-0.0036) 

a4 

+0.0027 (+0.0034) 

- 0.0022 (-0.0028) 

+0.0032 (+0.0041) 

-0.0026 (-0.0036) 

+0.0016 (+0.0019) 

-0.0011 (-0.0014) 

+0.0019 (+0.0023) 

-0.0013 (-0.0018) 

03 

+0.073 (+0.089) 

-0.050 (-0.065) 

+0.084 (+0.108) 

-0.061 (-0.084) 

+0.046 (+0.054) 

-0.023 (-0.030) 

+0.052 (+0.063) 

-0.028 (-0.039) 

a 2 

+1.14 (+1.37) 

-0.70 (-0.93) 

+1.30 (+1.64) 

- 0.86 (- 1 . 21 ) 

+0.75 (+0.86) 
-0.31 (-0.42) 

+0.83 (+0.99) 

-0.39 (-0.55) 

a 

+1.37 (+1.43) 

0.64 (0.47) 

+ 1.42 (+1.5) 

0.52 (0.22) 

+1.27 (+1.3) 

0.86 (0.81) 

+1.29 (+1.33) 

0.82 (0.73) 
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TABLE VIII: Exclusion limits (at 95% and 99% CL) and discovery significance (at 3 and 5a) for the effective lagrangian 
coefficients as, 04 , as , 02 and a for CM energy ^/s = 13 TeV and two benchmark luminosities for LHC run 2. Values obtained 
by varying the coefficients one at the time. All limits are obtained from the W^W^jj OS channel. 



Vi = 13 TeV OS channel) 

100 fb~^ 

300 fb“i 

95% (99%) 

3a (5a) 

95% (99%) 

3a (5a) 

as 

+0.0089 (+0.0114) 

-0.0095 (-0.012) 

+0.0105 (+0.0141) 
-0.011 (-0.0147) 

+0.0064 (+0.0081) 

-0.007 (-0.0087) 

+0.0077 (+0.0103) 

-0.0083 (-0.0109) 

a4 

+0.0141 (+0.0179) 

-0.014 (-0.0178) 

+0.0165 (+0.0221) 
-0.0164 (-0.022) 

+0.0103 (+0.0129) 

- 0.0102 (-0.0128) 

+0.0123 (+0.0162) 
- 0.0122 (-0.0161) 

as 

+0.198 (+0.245) 

-0.149 (-0.195) 

+0.227 (+0.295) 

-0.178 (-0.246) 

+0.152 (+0.183) 

-0.103 (-0.134) 

+0.176 (+0.224) 

-0.127 (-0.174) 

as 

+1.17 (+1.48) 

-1.07 (-1.37) 

+1.36 (+1.81) 

-1.26 (-1.70) 

+0.87 (+1.07) 

-0.77 (-0.97) 

+1.03 (+1.34) 

-0.92 (-1.24) 

a 

+1.83 (+2.08) 

-0.41 (-0.65) 

+1.99 (+2.35) 

-0.56 (-0.92) 

+1.58 (+1.75) 

-0.19 (-0.34) 

+1.71 (+1.97) 

-0.30 (-0.54) 


TABLE IX: Exclusion limits (at 95% and 99% CL) and discovery significance (at 3 and 5a) for the effective lagrangian 
coefficients as, 04 , as , as and a for CM energy ,/s — 14 TeV and two benchmark luminosities for LHC run 3. Values obtained 
by varying the coefficients one at the time. All limits are obtained from the W^W^jj OS channel. 



Vi = 14 TeV (W^W^jj OS channel) 

300 fb~^ 

3 ab ^ 

95% (99%) 

3a (5a) 

95% (99%) 

3a (5a) 

as 

+0.0061 (+0.0077) 

-0.0062 (-0.0077) 

+0.0073 (+0.0097) 

-0.0074 (-0.0098) 

+0.0033 (+0.0041) 

-0.0034 (-0.0042) 

+0.004 (+0.0052) 

-0.0041 (-0.0052) 

a4 

+0.0084 (+0.0107) 

-0.0097 (-0.012) 

+0.0102 (+0.0136) 

-0.0115 (-0.0149) 

+0.0043 (+0.0055) 

-0.0056 (-0.0068) 

+0.0053 (+0.007) 

-0.0066 (-0.0083) 

as 

+0.134 (+0.165) 
-0.115 (-0.146) 

+0.158 (+0.205) 

-0.140 (-0.187) 

+0.077 (+0.094) 

-0.059 (-0.075) 

+0.091 (+0.114) 

-0.072 (-0.096) 

as 

+0.75 (+0.93) 

-0.71 (-0.89) 

+0.89 (+1.17) 

-0.85 (-1.13) 

+0.42 (+0.52) 

-0.38 (-0.47) 

+0.50 (+0.64) 

-0.45 (-0.59) 

a 

+1.56 (+1.67) 

-0.50 (-1.35) 

+1.64 (+1.81) 

-1.15 (-2.74) 

+1.36 (+1.41) 

0.55 (0.31) 

+1.40 (+1.49) 

0.36 (-0.06) 
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FIG. 10: Exclusion limits (at 95% CL) and discovery significance (5(j) for the effective lagrangian coefficients 04 and as at CM 
energy y/s =13 TeV from the same-sign (m yellow/orange) and opposite-sign (in light green/blue) channels. Hatched in grey 
the area where causality would be violated. 
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FIG. 11: Same as in Fig. 10 for CM energy ^/s = 14 TeV. 
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IV. DISCUSSION 

While the presence of resonances is the most dramatic signal for a strongly interacting sector, they may be too 
heavy or broad to be clearly seen at the LHC. The discovery of a non-vanishing coefficient of the effective lagrangian 
in eq. (5), introduced in section IB, is a more systematic way to search for the presence of the strongly interacting 
sector behind the breaking of the EW symmetry. In addition, exclusion limits provide an indirect indication about 
the energy scale of the masses of those resonances that are expected from such new interactions. 

The identification of the most appropriated selection cuts is crucial but it is now well understood that—in addition 
to the central jet veto necessary to remove the QCD background—the control of the large EW background can be 
achieved by means of a selection on the transverse momenta of the jets and final leptons. 

We have shown that a significant improvement in both discovery significance and exclusion limits for the chiral 
effective lagrangian coefficients 04 and 05 can be expected from the current and the next run of the LHC. Already 
at CM energy -y/s = 13 TeV and a luminosity of 100 fb“^ the limits will reach the permil precision thus coming 
within range of the values expected by purely dimensional analysis. These results can be obtained by studying the 
SS WW WW channel alone. 

The determination of the coefficient 03 within VBS—the best limits for which come at the moment from precision 
measurements—will become competitive already at the LHC run 2 when a luminosity of 300 fb“^ will be available. 
The coefficient 02 gives rise to smaller deviations in VBS and is determined with less precision; its constraints will be 
competitive with those from TGC data at LEP only when higher luminosities become available. 

Finally, the coefficient a —controlling the coupling of the Higgs to the vector bosons in eq. (I) in section IB — 
remains best determined in the decay processes of the Higgs boson. Only at future LHC runs a comparable limit will 
be available from VBS. 

While VBS remains our best laboratory to study EW symmetry breaking, the presence of systematic errors hard 
to reduce and even estimate will eventually limit the final precision of the measurements that can be achieved at 
the LHC. The same is true for the study of the Higgs boson decays and the complementary determination of the 
coefficient a, as defined in eq. (1) in section IB. 
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